An optical 2-beam surface stress measurement and magneto-optical Kerr-effect has been combined with a liquid helium cooled cryostat. Sample temperatures down to 30 K and magnetic fields up to 0.7 T are achieved under UHV conditions. Low temperatures are exploited to obtain the first experimental data on the surface stress change induced by the adsorption of the noble gas Xe on Pt(111). High magnetic fields and low temperatures are used to characterize the magnetic properties of Co monolayers in longitudinal and polar Kerr geometries. The effective magnetic anisotropy is extracted from hard axis magnetization loops.
I. INTRODUCTION
Crystal curvature measurements are well established techniques for the determination of film stress and surface stress changes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] They have contributed to a quantitative understanding of stress-strain relations in films and characterize adsorbate-induced surface stress changes with sub-monolayer sensitivity. The in situ combination of stress-induced crystal curvature measurements with magneto-optical Kerr effect (MOKE) (Ref. 18 ) measurements offers new insights into the correlation between stress and magnetic anisotropy. 19 Here, the generally observed rapid decrease of the Curie temperature with decreasing film thickness calls for an extension of MOKE measurements to the low temperature range. However, low temperatures may also impede the magnetization reversal process, 20 and consequently larger coercivities are often observed with decreasing temperature. Thus, measurements at lower temperatures also call for sizable magnetic fields. Recent approaches already aim at MOKE measurements in large magnetic fields 21, 22 and at low temperatures. 23 Here, we present a combined setup which allows stress and MOKE measurements at low temperature and in large magnetic fields. We use a liquid helium cooled cryostat in conjunction with an electromagnet to perform measurements in the temperature range 30-1300 K and in fields of up to 0.7 T. Section II provides an overview of the experimental setup. It is followed by a description of the optical 2-beam stress measurement technique. Section III presents the experimental results which illustrate stress and MOKE results at 30 K and in high magnetic fields.
II. EXPERIMENTAL SETUP

A. Cryostat and sample holder
The sample manipulator of the UHV chamber is equipped with a liquid helium cryostat. 24 The heat exchange tank of the cryostat is cooled by a continuous flow of liquid helium from a He-dewar vessel to the helium recovery system, as schematically indicated in Fig. 1(a) . The consumption of liquid He is ∼1.5 l/h at the lowest temperature of 30 K. The sample holder is thermally coupled to the heat exchange tank by a copper braid. Figure 1 (b) shows an enlarged view of the sample holder. We use a thin (0.1 mm) cantilever single crystal for the stress measurements. 14 Here, we use a Pt(111) crystal (length = 13 mm, width = 2.5 mm), which is clamped along its width at its top end to the sample manipulator and the bottom end is free, as schematically indicated in Fig. 2 . Both crystal surfaces are polished (roughness ≤ 0.03 μm) and crystallographically aligned to ≤ 0.1
• . 25 The temperature of the sample holder is measured by two calibrated sensors.
A rhodium-iron-sensor 26 measures the temperature below the sample and a Cernox-sensor (zirconium oxy-nitride thin film resistor) 26 measures the temperature directly at the heat exchange tank. Both sensors were calibrated against a sensor which was placed onto a dummy crystal, which was mounted in place of the Pt crystal. Both temperature readings are used as a reference for a proportional integral differential-temperature-control-loop. It applies an electrical heating power to the heat exchange tank to adjust temperatures in the range 30-300 K reliably. Higher temperatures of up to 1300 K are accessible by e-beam heating of the crystal from the rear side. This extension of the temperature range from low to high temperatures is an important aspect of this work. It takes 12 min to reach the minimal temperature at the heat exchange tank starting from 300 K. Some 30-45 min later the thermal drift at the sample holder has stabilized, and stress measurements can commence. Comparable time scales apply also to the high temperature range.
It is a challenge to reach temperatures as low as possible at the cantilever sample and to combine this with the possibility of heating the sample for preparation and measurement to temperatures of up to 1300 K. Low temperatures call for an efficient thermal coupling between sample and manipulator, while the wish for moderate heating power for high temperatures favors weak thermal coupling. The chosen layout fulfills these competing requirements.
The sample crystal is heated indirectly from its backside. We place a thermal shield (tungsten foil 0.1 mm) between the e-beam heating filament and the sample crystal, as shown in Figs. 1(b) and 1(c). A high voltage (+500 V) with respect to the filament is applied to the tungsten foil to accelerate electrons towards the radiation shield. The rest of the sample holder is screened by a tantalum shield, to minimize unwanted heating of the whole sample holder. This layout ensures that the rather delicate thin cantilever crystal is not damaged by direct e-beam bombardment. Rather, the more uniform radiation of the tungsten foil heats up the crystal.
The temperature of the Pt crystal is checked during heating by an optical pyrometer 27 and by an IR pyrometer. 28 The comparison of the optical temperature measurements with respective measurements on a dummy crystal with thermocouples indicate an homogeneous (±5 K) sample temperature over the lower 6 mm near the free end of the crystal. A temperature gradient to lower temperatures is observed near the upper clamping.
A mechanical tilt of the sample holder allows to align the sample normal by ± 5
• . It is operated in situ by an UHV rotation feedthrough mounted at the top end of the differentially pumped manipulator top flange. This adjustment is mandatory for the alignment of the optical curvature and MOKE measurements and for low energy electron diffraction (LEED) experiments.
B. Surface stress setup
Different experimental setups for the determination of stress are described in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 16 We give a short overview of our optical two beam curvature measurement in the following. Figure 2 shows a schematic view of the setup. The cantilever crystal is clamped at its upper end along its width. Our samples have a large length-to-width ratio (≈4), and this minimizes the effect of clamping on the stress-induced curvature. Thus, for a quantitative analysis we can treat the stressinduced curvature as free 2-dimensional bending. 11 For a given length-to-width ratio a curvature measurement is preferable in view of an accurate analysis as compared to measurements of stress-induced substrate deflection or stress-induced change of substrate slope. 11 Thus, we are confident that the measurement of curvature, as outlined below, gives accurate results for the determination of stress.
The optical 2-beam stress measurement setup 14, 17 is mounted directly on a Conflat(CF)-viewport flange at the UHV chamber. A laser beam 29 is split into two beams, and they hit the cantilever crystal at two different positions some millimeters apart along the vertical direction at the lower end of the crystal. The beams are reflected onto two split photodiodes. 30 The split-photodiodes serve as positionsensitive detectors. Both photodiodes are connected to an amplifier. 31 It delivers a difference and a sum signal which indicate the position of the laser beam and the overall illumi- nation of each detector, respectively. A stress-induced change of curvature of the crystal induces a displacement of the reflected beams on the split-photodiodes, and a change of the difference signal results for each detector, whereas the sum signal remains largely unaffected.
The position signals of the split photodetectors are calibrated by the signal change which is induced by a known laser beam displacement. We perform this calibration by moving the split detectors vertically by 0.015 mm by a calibrated piezo drive, 32 while the laser beams are stationary. We record the resulting position signal change, as indicated in Fig. 3 . Its magnitude differs for both detectors due to slight differences of the beam profiles of both reflected beams. Thus, each detector signal requires a specific calibration factor, which amounts to 0.75 and 0.58 V/0.015 mm for the top and bottom detector, respectively. With these factors the measured change of position signal (V) is translated into a spot displacement (m), which we need for the calculation of the curvature signal.
With the two beam setup, we probe the change of slope, i.e., the curvature, between the two spots where the beams hit the crystal surface. The benefit of using two beams is that we have access to the curvature data directly. We can compare the displacement of the reflected beams on the two photodetectors. The same displacement indicates that the slope of the reflecting sample surface is the same for both spots, and this rules out curvature as the cause of the position signal change. Rather noise induced signal changes, such as tilting and vibrating of the manipulator and thermal drift, might cause such a signal change. Thus, by exploiting the curvature signal, the detrimental impact of noise-and thermally-induced sample and manipulator movements is greatly reduced. These aspects are important, as tiny laser beam movements on the nm scale on the split-photodetectors are readily sensed by the setup.
The link between the laser beam displacement on the top and bottom split-photodiodes, top , bottom , and the change of curvature κ is given by the geometry of the setup by
where l spot and l PD are the spot separation on the crystal surface (≈ 4 mm) and the distance from the crystal surface to the detector (≈ 250 mm), respectively. The stress change τ S is calculated as shown in Eq. (2) (Refs. 11, 19, and 33)
where the Young modulus Y and the Poisson ratio ν are calculated for the surface orientation of the sample; 19 t S is the thickness of the cantilever crystal. This so called modified Stoney equation relies on the assumption of a free two-dimensional bending, which is justified here in view of the large lengthto-width ratio of the crystal and a curvature measurement at the free bottom end of the crystal.
11 Equation (2) is valid for isotropic stress. In case of anisotropic stress the crystal curvature needs to be measured along two orthogonal crystallographic directions. 33, 34 The experimental determination of the spot separation l spot , the detector-sample distance l PD and the sample thickness t S govern the accuracy of the measurement. The spot separation is measured by moving the sample manipulator vertically up, until the reflected intensity of the lower laser beam drops by a factor of two. Then, the distance travelled until the top beam suffers the same loss of reflected intensity gives the spot separation. We use an high precision manipulator 35 with micrometer dials for the travel, and this distance can be determined with an accuracy of order 0.1 mm. In view of the spot separation of order 4 mm, this amounts to a relative error of 2.5%. The experimental determinations of l PD ≈ 250 mm is performed with an accuracy of 1 mm, and this gives a relative error of ±0.4 %. The sample thickness t S is measured by a thickness gauge, 36 and by determining the mass of the crystal and calculating the thickness from length, width, and density. These measurements require a careful manipulation of the delicate crystal. Alternatively, we also extract t S from the resonance frequencies of flexural vibrations of the cantilevered crystal. This is done in situ, with the crystal mounted to the manipulator as shown in Fig. 1 above. Flexural vibrations of the crystal are excited by a loudspeaker placed on top of the manipulator. We monitor the vibration of the sample by measuring the AC component of the position signal as a function of the exciting frequency. The thickness of the sample is then determined from the resonance frequency f i by the following equation:
where ρ is the density and l free is the free length of the cantilever crystal. The β i are solutions of the equation cos β i cosh β i + 1 = 0. For the first 3 oscillation modes the values are β 1 = 1.8751, β 2 = 4.6941, and β 3 = 7.8548. With l free = 11 ± 0.1 mm as measured optically, the first resonance frequency is f 1 = 414.8 Hz, which gives t S = 105 ± 2 μm.
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Premper ) This result is in agreement with the other methods described above. We conclude that the overall relative error of the curvature measurement is given largely by the accuracy of the determination of the spot separation and of the sample-detector distance, and it amounts to ≈5%.
Finally , we want to comment on the temperature dependence of the elastic constants. 37 This effect is found to be negligible 38 over our temperature range in view of other sources of error. The temperature variation of the elastic constants of Pt is less than ≈1% between 300 and 4 K.
C. MOKE setup
The measurement of the magneto-optical Kerr-effect is a powerful technique to study the magnetic properties of ferromagnetic films with sub-monolayer sensitivity. 18 An experimental challenge is the application of sizable magnetic fields under UHV conditions. We use a C-yoke magnet 40 with a variable air gap, which is operated by a bipolar power supply that can deliver ±60 A and a voltage of ±45 V. The magnet is placed directly below the UHV chamber. The sample is lowered into a glass tube (a UHV-tight metal-glass-metal adapter 41 ) by a long travel (600 mm) manipulator 35 between the pole pieces of the magnet as Fig. 4 (a) shows. The maximum field at the sample position is ± 0.7 T.
MOKE measurements can be performed in the in-plane (longitudinal MOKE or LMOKE) and in the out-of-plane geometry (polar MOKE or PMOKE). Figure 4 (b) shows a simple way to switch between longitudinal and polar MOKE measurements by rotating the sample by 90
• . Thus, in-plane and out-of-plane directions of magnetization can be investigated. Small silver covered glass mirrors 42 are used to direct the MOKE laser light. We use a laser diode with beam shaping optics (wavelength 670 nm, 3 mW). 29 The light is polarized by a Glan-Thompson polarizer 43 to create p-polarized light, which is used for our measurements. The MOKE photodetector diodes 44 are covered by a bandpass filter 45 to reduce the influence of stray light.
MOKE measurements are performed with the analyzer rotated out of extinction by δ = 2
• ( = 34.9 mrad) and monitoring the photo detector signal while the magnetic field is swept. The Kerr rotation φ is calculated by
as described in the literature. 46 Here, I is the signal change of the photo detector upon reversing the saturation magnetization, and I 0 is the average photo detector signal measured for opposite saturation directions. The magnetic field is measured by a Hall sensor 39 at the magnet yoke, see Fig. 4 , during the field scan. The field at the sample position has been calibrated before against the field measured at the yoke. We find a hysteresis free linear relation between both field values.
III. RESULTS AND DISCUSSION
All experiments were performed in the UHV chamber at a base pressure of 1 × 10 −10 mbar. The Pt(111) cantilever crystal was cleaned by sputtering with Ar + ions (beam energy 1.5 keV, sample current 1 μA, 30 min), annealing in oxygen (5 × 10 −7 mbar at 800 K for 30 s) and flashing to 1300 K for 5 s. The quality of the Pt(111) surface was checked by Auger electron spectroscopy and low energy electron diffraction. LEED shows a clear (1 × 1) diffraction pattern with low background intensity, and Auger electron spectroscopy reveals a clean surface where all contaminants have been removed to less than 1% surface coverage. The film thickness was checked by a calibrated quartz microbalance and determined with an accuracy of ± 0.2 ML.
In the following we present results on Co-induced stress on Pt(111), Xe-induced surface stress change on Pt(111), and on MOKE measurements for Co/Pt(111). Further experiments on systems which we studied before at 300 K at a different setup gave comparable results, and this indicates the functionality of our setup for low temperature and high magnetic field measurements.
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A. Co-induced stress change
We are interested in the correlation between stress, strain, interface properties and magnetism of Co monolayers on Pt(111). Here, we present quantitative results on lattice stress and strain for the growth of Co on Pt(111) at 310 K, and of MOKE measurements. These data serve as a demonstration of the functionality of the setup, and an in-depth discussion is the topic of a future publication.
A considerable lattice mismatch of +10.7 % between Co and Pt results from the different in-plane atomic distances of both elements (a Pt(111) = 2.77 Å, a Co,fcc(111) = 2.51 Å). A large lattice mismatch of this magnitude is expected to lead to considerable structural relaxation already in a few atomic layers thin films, 19 and it is observed here. Figure 5 shows the result of the stress measurement during the deposition of Co on Pt(111) at 310 K. The stress curve shows for a thickness below 2 ML a nonmonotonic change with increasing thickness, whereas above 2 ML a constant slope of the curve is observed up to the end of deposition at 5 ML. The slope of the curve in this thickness range corresponds to a film stress of +3.4 GPa.
A constant stress suggests a constant film strain between 2 and 5 ML. LEED shows distinct diffraction spots, indicative of an epitaxially ordered Co film. Figure 5 shows LEED images of the clean Pt(111) surface and of the 5 ML Co film on Pt(111). A quantitative analysis of the diffraction images reveals a different length of the reciprocal lattice vectors a * Pt and a * Co , which corresponds to an average Co film strain of +0.8%, significantly lower than the misfit strain of +10.7%. We apply continuum elasticity to calculate a film stress of +3.3 GPa from this lattice strain. This value is in good agree- ment with the experimental result of +3.4 GPa. The observation of additional satellite diffraction spots in LEED is ascribed to a slight structural modulation 47 of the film, which involves spatially periodic shifts of Co atoms around an average film structure.
Our observation of a small Co-induced stress below 2 ML invalidates the assumption of a pseudomorphic Co film in the first layer. Rather, our observation provide evidence for a more complex growth mode at the Co-Pt interface, where the incorporation of Co into the Pt surface needs to be considered.
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B. Surface stress change upon condensation of xenon
Low temperature measurements of adsorbate-induced surface stress change offer the possibility to study the impact of rare gas adsorption on surface stress. Corresponding measurements have not been performed yet, and this direction of research is still largely unexplored. Figure 6 presents the Xe-induced surface stress change on Pt(111) upon condensation at 30 K. We measure an unexpected high compressive stress change of −2.2 N/m. We refer to the magnitude of surface stress change as unexpectedly large, as it equals the O-induced surface stress change on Pt(111) (−2.2 N/m). 49 There a strong chemical bond is acting, which is absent for physisorption of Xe. LEED images taken before and after Xe exposure at a partial pressure of 1 × 10 −7 mbar for 320 s show the clean Pt surface and a 
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Premper, Sander, and Kirschner Rev. Sci. Instrum. 83, 073904 (2012) blurred Xe-induced superstructure, respectively. This LEED pattern suggests that Xe has condensed on the Pt(111) crystal, forming a not well ordered structure on top of the surface at 30 K. Slight annealing of this structure to 80 K induces the formation of an ordered Xe √ 3 × √ 3 surface structure. A thorough understanding of the relation between rare gas condensation and surface stress change has not been achieved yet, 50, 51 and further experimental and theoretical investigations are called for to elucidate this largely unexplored topic.
C. Kerr effect measurements
We choose a thin-walled glass cylinder with an outer diameter of 51 mm and an inner diameter of 47 mm (Ref. 41) to provide an UHV access of the sample manipulator to the gap region of the electromagnet. High magnetic fields in combination with a light path which penetrates the glass cylinder surrounding the sample immediately lead to the question of the influence of Voigt and Faraday effects on the magneto-optical signal. 52 The columns of has been presented with all optical components within the UHV chamber. The contribution of magneto-optical signals from UHV windows can thus be avoided. 53 However, we refrain from this approach here, as we prefer to have direct access to the optical components of the MOKE experiment without breaking the vacuum.
The measurements (a), (b) were performed in air with a clean Pt crystal, where the glass cylinder was removed. (c) and (d) were taken under UHV conditions, where the glass cylinder was in the path of light. The fingerprint of the magneto-optical effects of the glass cylinder is apparent. In the longitudinal geometry we see the predominant influence of the Faraday effect, which is linear in field. In polar geometry a slight curvature indicates a contribution of the Voigt effect, which is quadratic in field. MOKE data on Co monolayers are shown in Figs. 7(e) and 7(f) for both geometries. The film thickness of 2.5 and 5 ML give easy axis hysteresis loops in longitudinal and in polar geometry, respectively. The curves reveal a sizable contribution of the glass cylinder to the MOKE signal measured of the Co monolayers at high fields.
To account for the signal contribution of the glass cylinder we subtract it (Figs. 7(c) and 7(d)) from the raw MOKE curves (Figs. 7(e) and 7(f)), and we obtain the MOKE curves presented in Figs. 7(g) and 7(h). Rectangular hysteresis curves with full remanence indicate easy axis magnetization loops. Figure 8 shows longitudinal ((a),(c)) and polar ((b),(d)) measurements at 2.5 and 5 ML Co thickness. The same background subtraction method has been applied as described above. For 2.5 ML the MOKE curves show no appreciable signal change in LMOKE, but a clear hysteresis in PMOKE. This indicates an easy out-of-plane magnetization direction of the 2.5 ML film. LMOKE and PMOKE measurements of the 5 ML film reveal an easy in-plane magnetization direction, and an hard axis out-of-plane Kerr curve. The maximum field of 0.7 T is just sufficient to saturate the signal in the hard out-of-plane magnetization direction. This allows us to extract the effective magnetic anisotropy of this film 54 from its spontaneous magnetization M s = 1447 kA/m and its anisotropy field H an of 0.7 T as K eff = 0.5μ 0 M s H an = 0.51 MJ/m 3 . The anisotropy of the 2.5 ML film is apparently larger, and no significant MOKE sign change is observed for magnetization along the hard in-plane direction.
We complete the presentation of MOKE results with measurements of a 10 ML Co film performed at 312 K (red curve) and 30 K (blue curve) in Fig. 9 . Here, the moderate field below 10 mT leads to negligible contributions of Faraday and Voigt effects of the glass cylinder, and a background correction as described above has not been performed. The increase of the coercivity by a factor of almost 4 at low temperature is striking. It indicates that magnetization reversal is a thermally activated process, and it leads in general to an increase of coercivity with decreasing temperature.
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IV. CONCLUSIONS
We have developed a liquid helium cooled stress measurement setup which uses an optical 2-beam cantilever technique. It extends the accessible temperature range down to 30 K. It combines stress measurements with magneto-optical Kerr-effect measurements at low temperatures and in high magnetic fields of up to 0.7 T. First measurements indicate the functionality of the setup. It opens new venues for the characterization of magnetic and adsorbate-induced effects at low temperatures. Applications are foreseen in the field of condensation of rare gases on metal surfaces and for the studies of the magnetic properties of magnetic monolayers and nanostructures. The experimental setup is currently enhanced to include pulsed laser deposition. Thus, the in situ investigation of stress and magnetism of oxides and multiferroic compounds will be possible.
